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TECHNICAL NOTE
Theory and validation of access flow measurement by dilution
technique during hemodialysis
NIKOLAI M. KRIVITSIU
Transonic Systems Inc., Ithaca, New York, USA
Access blood flow is currently measured by color-coded duplex
sonography which has the ability to select groups of patients with
higher risk of access failure [1]. There are also reports of operator
errors [21 and of precision limitations arising from random
uncertainties in the measurement of vessel diameter and Doppler
angle [3]. Color-coded duplex sonography is an expensive tech-
nique and measurements are made only rarely. The onset of
reduced flow can therefore be missed.
We recently reported a modification of the indicator dilution
method for measuring access flow during hemodialysis [4] and the
initial clinical use of this method [5]. This paper presents the
theoiy and bench validation for this new access flow measurement
technique.
Theory
Blood flow, 0, measured by the dilution method [6] is given by:
0 = V/S
where V is the amount of injected indicator that completely mixes
in the blood flow stream 0; S is the area under the dilution curve
which is equal to the average concentration of indicator in the
blood multiplied by the duration of the curve.
To use the dilution method for access blood flow measurement
during hemodialysis, the blood line connections to the needles
must be reversed (Fig. 1) so that the arterial inlet removing blood
is now downstream from the venous outlet and the venous outlet
now faces the access flow stream. This creates a good mixing zone
upstream from the venous outlet (Fig. 1).
Three blood streams flow along the vascular access:
Qa — the actual blood flow that enters the vascular access,
the value of which needs to be measured;
0mjx — the blood flow in the vascular access between the
needles which is the sum of access flow Qa and dialyzer
venous line blood flow Qb:
Qm,x=Qa+Qt, (Eq.2)
Q*a — the blood flow that leaves the vascular access down-
stream from the arterial which would be equal °a if no
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ultrafiltration takes place, Qb = Q*b (Q*b is arterial
line blood flow).
A dilution sensor is positioned on the arterial tubing line. The
volume of indicator injected into the venous line (Vven) will mix
with summated blood flow, The concentration curve with
the area Smix is then recorded by the arterial dilution sensor.
From Equation (1) the blood flow between the needles will be:
Qmix = Vven/Sm (Eq. 3)
and access blood flow, from Equations (2) and (3) will be:
Qa = Vven!Smix — Ob (Eq. 4)
Equation (4) shows that if the blood flow through the dialyzer
is measured and the absolute concentrations of indicator in the
arterial blood line are recorded, the blood flow through the
vascular access can be calculated.
(Eq. 1) A single clip-on tube dilution sensor. An accurate measurement
of blood indicator concentration usually requires the contact of
the sensor with blood (thermodilution) or blood withdrawal (dye
dilution). A concentration sensor that clips onto the outside of the
tubing avoids direct contact with the blood but must be calibrated
to accurately measure the absolute concentration of indicator in
the blood moving through the tubing. The sensor can be cali-
brated by injecting a volume, Vcai of the same indicator into the
arterial port upstream from the sensor (Fig. 1). The calibration
factor is derived from Equation (1) which can be rewritten as:
Oh = V/S (Eq. 5)
where caI is the area under the concentration curve.
Formula (5) is written under the assumption that net dialyzer
ultrafiltration is zero (Oh — Q*b).
From Equations (4) and (5) the formula for access blood flow
will be:
(V Scai \
Qa Qb * __ — 1) (Eq. 6)
cal "mix
Because the dilution areas appear in the form of a ratio
(Sca1/Sjx) in Equation (6), only proportional changes in concen-
trations are required. Assuming that the tube properties are
constant during measurements, the ratio can be recorded accu-
rately with different type of sensors, for example, with an ultra-
sound velocity sensor [7].
Two clip-on tube dilution sensors. To avoid a calibration injec-
tion, an additional sensor matched to the arterial line sensor must
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Fig. 1. Reversed connections for hemodialysis
blood lines. Large arrows show the direction
of flow; small arrows show the movement of
indicator. For one sensor measurement the
sensor is located on the arterial line. The
calibration injection is made into arterial
injection port; access flow measurement
injection is made into venous port. For dual
sensor (matched sensors) one sensor is on
arterial line another is on venous line. The
single measurement injection is made into
venous port.
Fig. 2. Schematic of apparatus for bench
validation of access flow.
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Fig. 3. Needle positions and distances used for
access model. Abbreviations are: V, venous
outlet needle tip; A, arterial inlet needle tip.
(A) Venous outlet needles face the access
stream in the middle of the access model of
6.6 mm and 10 mm inner diameter; (B)
venous outlet needles face the access stream
near the wall of the access model (10 mm
inner diameter of tube); (C) venous outlet
needles do not face the access stream and are
located in the middle of the access model (10
mm inner diameter of tube); (D) venous
outlet needles do not face the access stream
and are located near the wall of the access
model (10 mm inner diameter tube).
intravenous injection (Fig. 1). In this case an indicator injected
into the venous line can serve both to calibrate the sensor and to
measure access flow. The calibration factor for concentration is
provided by the venous sensor using Equation (5):
Ob = Vve/Sven
where Sven is the area under the concentration curve.
From the same injection, the area Smix from the arterial sensor
will be recorded. The formula for access flow from Equations (4)
and (7) will be:
Qa(1)
In Equation (8) the dilution areas (SvenlSmix) also appear in the
form of a ratio. This means that the recorded changes of the signal
need also only be proportional to the changes in concentrations
Access recirculation. Reversal of the dialysis lines (Fig. 1)
creates access recirculation. The recirculation coefficient R is the
ratio of indicator recirculated to the arterial line Vrec to injected
amount of indicator Vven. The amount of indicator that recircu-(E ) lates V is the average concentration of indicator Smix times the
average dialyzer blood flow 0b
VreSmIx*Qb (Eq.9)
In the case of one sensor and two injections, Equation (5) and
Equation (9) will give:
(Eq. 8) R = VrejVven = S,mx * QtI'1'ven = (V *S,mx)/(Vven *Scai) (Eq. 10)
In the case of two sensors and one injection, Equations (7) and (9)
will give:
R = VrJVven = Smi,c * OlVven = Srpjx/Sven (Eq. 11)
be placed on the venous line downstream from the place of and eliminates the need for an absolute concentration measure-
ment.
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Table 1. Absolute percent error (mean SEM) of access dilution
measurements for a 6.6 mm diameter access model
Arterial line
Flow mi/mm
Distance between needle tips
3 cm 8 cm 13 cm
1%
100—350 4.80 0.66 3.28 0.42 2.77 0.37
150—350
(N = 42)
3.62 0.55
(N = 42)
2.89 0.39
(N = 42)
2.17 0.39
200—350
(N=35)
3.07 0.38
(N = 28)
(N 35)
2.11 0.20
(N = 28)
(N=35)
2.45 0.24
(N = 28)
The needle position is shown in Fig. 3a. Access flow was in the range 200
to 2200 mI/mm, 4.5% NaCI circulation.
QaQb(1/ 1)
Methods
A two pump system (Pump #1, Masterfiex 7553—50 for access
flow; Pump #2, Masterfiex 7565 for dialyzer flow); (Fig. 2) was used
to validate the accuracy of formula (6). A vascular access was
simulated with 6.6 and 10 mm inner diameter silicon tubes and 16
gauge needles (Fig. 3).
The influence of the distance between the needles and access
inner diameter (Fig. 3), the influence of needle position in the
tube (center, Fig. 3a or near the wall, Fig. 3b) and the influence of
needle orientation to the direction of access flow (Fig. 3 c, d) were
investigated for different flows in the access and, in the dialysis
lines. Dialysis line flow was adjusted to 50 to 350 mI/mm. Access
flow was between 200 and 2200 ml/min.
To measure dialyzer flow generated by pump #2, an ultrasonic
transit-time blood flow/dilution sensor (H4X Transonic Systems
Inc.) connected to a HDO1 Transonic Systems Hemodialysis Mon-
itor was clipped onto the arterial line 60 cm downstream from the
arterial injection port. The sensor transmits ultrasound beams in
upstream and downstream directions to measure flow according
to well-established transit time ultrasound principles [81.
The velocity of ultrasound in blood (1560 to 1590 rn/sec) is
determined primarily by its blood protein concentration [9]. A
bolus of isotonic saline (ultrasound velocity, 1533 rn/see) injected
into the blood stream will dilute the blood protein and alter its
blood sound velocity. The same flow/dilution sensor which records
the dialyzer flow in the tube can detect these sound velocity
changes proportional to the concentration of injected saline in
blood [71.
Access flow (Qagra) generated by pump #1 was measured by a
gravimetrically calibrated in-line flow sensor (6N Transonic Sys-
tems Inc.) connected to a T108 flowmeter (Transonic Systems
Inc.). Two liters of hypertonic saline (4 to 5%) with an ultrasound
velocity equivalent to blood and 1.1 liter of bovine blood were
used for circulation.
For the access flow measurements with one sensor the dialysis
(Eq. 12) Fig. 4. .4bsolute percent error and SD of the access dilution measurements
with different distances between needle tips (10 mm inner diameter tube).
Symbols are: (U) circulatory blood, °h = 100 to 350 mI/mm; circulatory
4.5% NaCI, (I dark grey) °h 100 to 350 mI/mm; (El) Qb = 150 to 350
ml/mmn; (II It grey) Qb = 200 to 350 mI/mm. In all cases the venous outlet
needles faced the access flow (Fig. 3 a, b). Access flow was in the range of
200 to 2200 mI/mm. The equation for the regression line for blood flow
circulation (needle position, Fig. 3a) was Qad,j = 0.987 * Qagra + 34
ml/min (N = 60), and for 4.5% NaCl circulation (same needle position,
Fig. 3a) was Qadil = 1.01 * Qagra + 47 mI/mm (N = 60). Analysis of the
slopes of the regression lines (for blood and for 4.5% NaCI) by two sample
t-test exhibits no statistically significant difference, P = 0.78.
Table 2. Absolute percent error (mean SEM) of access dilution
measurements for 6.6 mm and 10 mm diameter access models with
close needle position (3 cm)
Access model
inner diameter
Arterial line flow mi/mm
100—150 150—200 200—350
%
6.6 mm 10.7 3.03(N 8) 5.82 [.70(N = 8) 3.07 0.38(N = 28)
10mm 15.0 3.92
(N = 8)
8.87 2.54
(N = 8)
3.28 0.56
(N = 28)
lines were positioned as in Figure 1. A single calibration injection
(1 ml of 0.9% NaC1) was made into the arterial line for every
series of measurements to obtain Scai in Equation (6). A volume
of 2 to 3 ml of 0.9% NaCl was injected into the venous line to
obtain Sm for access flow measurement Qa.ii by Equation (6).
Calibration was repeated every time when the total volume of
injections exceeded 3% of circulation volume.
Three injections, tested for the absence of bubbles, were made
for every measurement and the results were averaged. The data
were calculated automatically and stored by a lap-top computer.
The accuracy of the dilution method was estimated in two ways:
as an absolute percentage error &
=
abs(Q —
Qagra
Finally, by comparing the right sides of Equations (10) and (6)
or Equations (11) and (8), the formula for access flow identified
through the recirculation coefficient, R, will be given by:
Equation 12 shows that access flow can also be measured using
any recirculation measurement technique (when the lines are
reversed) including blood urea nitrogen (BUN) sampling.
The needle position is shown in Fig. 3a. Access flow was in the range
200—2200 ml/min, 4.5% NaCl circulation.
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Fig. 5. Accuracy of access dilution measurement
with different dialysis blood flows for 3 cm needle
distance placed near the wall on the same side of
access model. Symbols are Qa.gra (A) 1500 mi/mm;(•) 810 mI/mm; (U) 660 mI/mm; (LI) 360 mI/mm.
The venous outlet faces the access flow stream
(correct needle orientation). Hypertonic saline
circulation.
Fig. 6. Accuracy of access dilution measurements
with different dialysis blood flows for 3 cm needle
distance placed on the opposite sides of access
model. Symbols are Qa.gr (A) 1500 mI/mm; (•)
810 mi/mm; (U) 660 mi/mm; (Lii) 360 mi/mm. The
venous outlet faces access stream (correct needle
orientation). Hypertonic saline circulation.
and as the ratio (Qa.dil/Qa.gra) * 100%. The value of h indicates the Results
expected absolute accuracy for the method. The ratio of flows
helps to establish the direction of error changes caused by The absolute percent error for access models with 6.6 mm and
different factors. 10 mm tubing diameters is listed in Table 1 and illustrated in
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Fig. 7. Accuracy of access dilution measurements
when venous needle outlet does not face the
access stream (wrong needle orientation).
Symbols are Qagra: (A) 1500 ml/min; (A) 1120
ml/min; (•) 810 mI/mm; (•) 660 mI/mm; (LI)
360 mi/mm. The needle distance is 8 cm (Fig.
3d). Hypertonic saline circulation.
Figure 4, and their comparison for small inter needle distance in
Table 2. The problems that may occur for small needle distances
and their different positions in the access are presented in Figures
5 and 6. The case where the venous outlet does not face the access
stream (side needle position, Fig. 3c) is illustrated in Figure 7. For
the same situation, but with the middle needle position (Fig. 3d),
the regression equation was Qa.dil= 308 134 + (0.934 0.177)
*
°agra ml/min (N = 24, 4.5% NaCl circulation). The reproduc-
ibility of the method was calculated as percentage difference
between the average of three repeated measurements and every
of them. The average of this value for total data (N = 1137) was
2.81%.
Discussion
The main purposes of this model was not to establish the value
of dilution methods which have been used for almost 100 years,
but to focus on the practical application and limitations of the
dilution technique applied to measurement of access flow.
The hemodynamic difference between this measurement and
methods routinely used for cardiac output (thermodilution, dye
dilution) is the absence of a mixing chamber like the heart.
However, for the dilution measurements in Equation (6) the ratio
of injection volumes and the ratio of dilution areas can be
measured with high accuracy (to within 1 to 2%) and the flow in
the tube can be measured to within a 5% error. This means that
if a large measurement error appears when compared to the
gravimetrically calibrated in-line sensor, the main cause of the
discrepancy would likely be the incomplete mixing of indicator.
Venous outlet faces the access stream (correct orientation). The
comparison in Table 1 and Figure 4 of access flow measured by
the dilution technique with a gravimetrically calibrated in-line
flow sensor showed good agreement where dialyzer flow is more
than 200 ml/min, for all needle distances and for access flows of up
to 2200 ml/min. The use of hypertonic saline instead of blood
simplifies the experiment. Its use as a sound velocity circulating
model of blood is confirmed by the good agreement (results of
t-test) between measurements made on saline and bovine blood.
The data in Table 2 shows that smaller access diameters create
better mixing conditions and better accuracy.
When three factors, a close needle tip distance (3 cm), low
venous outlet flow (Qa/Qb more then 8 to 10) and a large access
model inner diameter are combined (Table 2, Figs. 5 and 6), an
environment for incomplete mixing of the indicator in this model's
laminar flow is created. The error then increases to 10% to 15%
or more. In all cases, an increase of Qb decreases measurement
errors.
Venous outlet does not face the access stream (incorrect orienta-
tion). When the venous outlet is not facing the access stream, the
situation becomes unpredictable (Fig. 7). Here the needles were
placed near the wall (configuration Fig. 3d). °a.dil increases with
the increase of °b for Qa.gra 1120 mi/mm and Qagra 1500
ml/min, and decreases for Qagra = 650 ml/min and 0agra = 870
ml/min. When the needle tips were positioned in the middle (Fig.
3c), the access flow calculated by dilution measurements gave
values of Qa.dil that were systematically higher (308 134 ml/min)
than those of the calibrated in-line sensor.
Adequacy of circulating model, clinical perspectives. The access
model examined in this study has a laminar flow profile which is
the worse-case scenario for mixing. In contrast, in the patient the
venous outlet is located on the turbulent arterial side of the
vascular access which creates much better mixing conditions than
in the model. Therefore, we can expect good clinical results for
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the geometry described in Table 1 and in Figure 4, and even better
clinical results when there are small distances between the needle
tips (Table 2).
Because the 6.6 mm inner tubing diameter of the access model
is comparable to that used in artificial grafts, and 10 mm is within
the range of native arterio-venous fistulae [10], the above results
relate directly to conditions in a patient. In addition, artificial
grafts usually provide the possibility for a greater distance be-
tween needles and usually have a smaller diameter than 6.6 mm.
These two factors (Tables 1 and 2) would improve the accuracy of
dilution measurements.
The inner diameter and anatomy of native arterio-venous
fistulae may vary significantly and may differ from the model.
Nevertheless, the basic assumption that two facing flow streams
create a good mixing zone should still prevail. The most difficult
condition for mixing is high flows in the order of 2500 to 3000
mi/mm. The above-mentioned empirical ratio Qa/Qh < 8 to 10
(for close needle position) shows that dialysis blood flows in the
range of 300 to 400 ml/min will provide good measurement
accuracy even for close needle positions because turbulence will
be extremely high for such high flows and will improve mixing.
In some patients, both the arterial and venous needles do not
face the access stream but are oriented on the venous side of the
access. The data show that indicator mixing in these instances
becomes more complicated and unpredictable. Although it can be
assumed that the mixing conditions would be better in the
vascular access due to turbulence, there is no guarantee that
mixing would be complete. In such patients, it would be advisable
to install, on the day of measurement, the arterial needle so that
it faces the access flow.
Summary
The theory shows that access flow can be measured by the
dilution technique by reversal of the blood dialysis lines with the
venous outlet facing the access stream: (1.) with one dilution
sensor in arterial line and two injections Equation (6); (2.) with
two matched dilution sensors on the venous line and on the
arterial line and one injection Equation (8); (3.) with blood
sampling as for recirculation measurement using BUN or other
methods in Equation (12). In all cases, accurate measurement of
hemodialysis blood flow is required.
The results of this bench validation demonstrate that dialysis
blood flows, in the clinical range of 200 to 350 ml/min or more,
create good mixing conditions in a vascular access model. Accu-
rate measurements are provided for all clinically significant ranges
of access flows, needle positions, and vascular access inner
diameters. This simple, non-invasive, and inexpensive technique
shows great promise for routine diagnosis of vascular access
failure in hemodialysis patients.
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